THE OPTIMAL VENTILATORY strategy for the treatment of patients with acute respiratory failure is a matter of considerable debate (19) . Mechanical ventilation might even be a major cause of deteriorating lung function by the exposure to high pressure and tidal volume (VT), i.e., baro-/volotrauma, and by repeated opening and closing of airways and alveoli (15, 20) . A general guideline for the treatment of patients with acute respiratory failure has been proposed as ''open up the lung and keep the lung open'' (10) . In experimental lung injury, this goal can be achieved by applying a ventilatory mode, which results in a high mean airway pressure (Paw, 25 cmH 2 O) (18) . Because a high mean Paw increases the risk of baro-/volotrauma (15) and depresses cardiac performance (18) , a different approach to keep the lung open might be justified. Lachmann (10) suggested a choice of ''the absolute time of the expiratory phase so short that also the stiffest parts of the lung have no time for collapse.'' However, it is not clear how rapidly lung collapse and recruitment occur during mechanical ventilation and which expiratory and inspiratory time intervals should, therefore, be used. The present study investigated the dynamics of lung collapse and recruitment during changing Paw with computed tomography (CT) in three commonly used models of lung injury: 1) oleic acid (OA) injection, which produces a syndrome of acute endothelial and alveolar epithelial cell necrosis resulting in alveolar proteinaceous edema, without an initial inflammatory response (17) , 2) repeated lung lavage, which leads to surfactant depletion but causes no morphological damage to alveolar or perivascular cells (13) , and 3) endotoxin infusion, which causes an inflammatory response with accumulation of granulocytes and lymphocytes in the pulmonary microcirculation and damage to pulmonary endothelial cells and leads finally to a proteinaceous edema (2, 3) .
Because the degree of lung damage might vary with the administered dose of OA or endotoxin and the number of lavages performed, we used the three models as frequently described in the literature but increased the amount of endotoxin to cause macroatelectasis.
MATERIAL AND METHODS

Study Protocol
After approval by the local animal ethics committee, 18 healthy pigs (Hampshire, Yorkshire, and Swedish mixed country breed; 32.2 Ϯ 4.0 kg body wt) were anesthetized and mechanically ventilated. Baseline values were obtained after a 30-min stabilization period, then lung injury was induced with OA, lung lavage, or endotoxin infusion (see below). Hemodynamic and ventilatory parameters were measured again after 90 min (OA and lavage) or 180 min (endotoxin), when lung injury was stable. Thereafter, positive endexpiratory pressure (PEEP) was increased from 0 to 10 cmH 2 O to recruit collapsed lung tissue, and hemodynamic and ventilatory measurements were made 45 min after PEEP had been applied. The pigs were transferred to the Department of Radiology, and repeated CT scans were taken in the same transverse plane of the chest during two different expiratory-and inspiratory-hold procedures. This resulted in a total study period of 6.5-8 h (Fig. 1 ).
Anesthesia
Azaperone (40 mg im, Stresnil, Janssen) was given intramuscularly as premedication before transport of animals from the farm. General anesthesia was induced with atropine (0.04 mg/kg), tiletamin-zolazepam (Zoletil, Reading, Carros, France; 6 mg/kg), and xylazine (Rompun, Bayer, Leverkusen, Germany; 2.2 mg/kg) intramuscularly, then clomethiazole (400 mg/h; Heminevrin, Astra, Södertä lje, Sweden), fentanyl (150 µg/h), and pancuronium bromide (2.5 mg/h) were constantly infused for muscle relaxation. Additional fentanyl and pancuronium bromide were given when needed. The animals were tracheotomized and ventilated through a cuffed endotracheal tube.
Ringer acetate (1,000 ml; Pharmacia, Stockholm, Sweden) at body temperature was infused before baseline measurements were made; thereafter the aim of fluid replacement was a constant hemoglobin value and a stable systemic arterial pressure. This resulted in an average infusion rate of 10 ml · kg Ϫ1 ·h Ϫ1 after the induction of lung injury with lavage and 30-40 ml · kg Ϫ1 ·h Ϫ1 after induction of lung injury with OA or endotoxin.
Ventilation
Mechanical ventilation was initiated in a volume-controlled mode (Servo 900 C, Siemens Elema, Lund, Sweden) with a constant flow, a rate of 20 breaths/min, an inspiratoryto-expiratory ratio of 1:2, 0 cmH 2 O PEEP, inspiratory O 2 fraction of 1.0, and initial VT of 15 ml/kg. VT was then adjusted to maintain normocapnia (arterial PCO 2 ϭ 35-45 Torr) guided by end-tidal CO 2 monitoring (Capnomac Ultima, Datex Instrumentation, Helsinki, Finland) and intermittent sampling of arterial blood-gas samples (see below). If hypercapnia developed throughout the study, VT values were increased as long as VT was Ͻ15 ml/kg while the respiratory rate was kept constant. After induction of lung injury and the following stabilization period, PEEP was increased to 10 cmH 2 O. For transportation to the Department of Radiology and during CT scanning, a Servo 300 ventilator (Siemens Elema) was used. The prolonged inspiration and expiration (see below) were performed in the continuous positive airway pressure (CPAP) ventilation mode, with pressure increased and decreased manually by changing the CPAP level.
Ventilatory Parameters
For comparison of VT and minute ventilation, the readings of the ventilator were used. Paw and flow were measured in the ventilator on the inspiratory side and recorded with a personal computer for on-line signal processing, with gas compression within the ventilatory circuit taken into account (LabVIEW 3.1 software, C-O Sjöberg Engineering, National Instruments). Resistance (Rrs) and static compliance (Crs) of the total respiratory system were determined during an inspiratory-hold maneuver (ϳ4 s). Rrs (lung and chest wall) was calculated according to Kochi and co-workers (9) by rapid airway occlusion. Crs was calculated as follows: Crs ϭ VT/(Paw plat Ϫ Paw EE ), where Paw plat and Paw EE represent plateau Paw and Paw at end expiration, respectively. The mean of two inspiratory-hold maneuvers was used for statistical evaluation.
Hemodynamics and Gas Exchange
For pressure measurement and arterial blood sampling, an 18-gauge catheter was inserted into the left carotid artery, together with a thermistor-tipped fiber-optic catheter (Pulsiocath 4F FT PV 2024, Pulsion Medical System, Munich, Germany), which was advanced into the descending aorta for measurements of cardiac output (CO) and extravascular lung water (EVLW). A Swan-Ganz catheter and an 18-gauge catheter were introduced into the right external jugular vein. The exact position of catheters was confirmed by pressure recordings as well as radiologically by means of CT scanning.
Systemic, pulmonary arterial, and central venous pressures were displayed on a bedside monitor, together with the oxyhemoglobin saturation (series 7010, Tram, Marquette Electronics), and recorded with reference to atmospheric pressure at midthoracic level at end expiration. CO and EVLW were determined randomly within the respiratory cycle by injection of 8-10 ml of a double-indicator bolus consisting of 1 mg/ml indocyanine green (ICG-Pulsion, Pulsion Medical System) mixed in sterile water (ϳ5-7°C). The thermistor-tipped fiber-optic catheter in the descending aorta detects the dye-and temperature-dilution curves, and CO and EVLW are automatically calculated by a connected computer (Pulsion COLD Z-021, Pulsion Medical System). The mean of triplicate measurements was calculated and used for statistical evaluation. Venous admixture (Q s/Q T), O 2 delivery, and systemic and pulmonary vascular resistances were calculated with standard formulas.
Arterial and mixed venous blood samples were analyzed for PO 2 , PCO 2 , and O 2 saturation with hemoximeters (models ABL 300 and OSM 3, Radiometer, Copenhagen, Denmark).
Lung Injury
Lung injury was induced with one of three different methods in groups of six animals each OA edema. OA (Apoteksbolaget, Göteborg, Sweden; 0.1 ml/kg suspended in 20 ml isotonic saline) was slowly (over 20 min) injected via the central venous catheter. During injection, blood pressure was stabilized with titrated doses of epinephrine.
Lung lavage. Lavage was performed in a manner similar to the method described by Lachmann et al. (11) with isotonic saline at body temperature. Before lavage, PEEP was set to 10 cmH 2 O and VT was raised by ϳ20%, since an increase of PEEP and VT during the lavage sequence has been reported to result in improved hemodynamic stability (13) . Saline (1,000 ml) was instilled through the endotracheal tube and drained out when the O 2 saturation had declined to 90%. The procedure was repeated 10 times with 5-min intervals between lavages. PEEP and VT were set back to baseline values at the end of the lavage procedure.
Endotoxin infusion. The animals received an intravenous infusion of endotoxin (Escherichia coli lipopolysaccharide O111:B4, Sigma-Aldrich, Stockholm, Sweden) prepared in isotonic saline. A dose of 20 µg · kg Ϫ1 ·h Ϫ1 was given, since it was found to cause lung collapse similar to the other two lung injury models. This dose was twice as high as the dose used previously, which was shown not to cause macroatelectasis (1) . In addition, a bolus dose of 500 µg of endotoxin was given, then the infusion rate was increased to 30 µg · kg Ϫ1 ·h Ϫ1 if no increase in the mean pulmonary arterial pressure occurred within the 1st h of infusion. 
CT
During expiratory and inspiratory breath holding, frontal topograms and helical CT of the chest were performed with a Somatom Plus 4 (Siemens, Erlangen, Germany) using a 512 ϫ 512 matrix, 140 kV, 200 mA, scanning time of 0.75 s, pitch of 1.0, and collimation of 8 mm. Images were reconstructed with an increment of 8 mm to determine the scanning level that resulted in the largest transverse lung area. This level turned out to be located right above the diaphragm and below the base of the heart in all animals, and it was kept constant during all succeeding experiments by avoiding any movement of the animal or the CT table. Immediately before each experiment, arterial and mixed venous blood-gas samples were obtained for the calculation of Q s/Q T.
Experiment 1: Prolonged Expiration to 0 cmH 2 O Paw
The ventilatory mode was changed to CPAP, and a 10-s inspiratory hold was performed to recruit collapsed lung tissue, with the CPAP level matching Paw plat during volumecontrolled ventilation with 10 cmH 2 O PEEP. Then, a dynamic serial CT was performed of the same slice with the shortest possible scanning time of 0.5 s, an interval of 0.3 s between scans, 140 kV, and 111 mA for the first 20 images, and four more images were obtained with a scanning time of 0.75 s and an interval of 6 s between scans. During the 0.3 s between the first and second scan, CPAP was decreased to 0 cmH 2 O, resulting in a prolonged expiration. The first scan, which was obtained before the change in CPAP, was used as the reference scan corresponding to end inspiration. With CT, lung density is averaged over the whole scanning time. The first scan obtained after end expiration or end inspiration, therefore, showed changes corresponding to a time interval of ϳ0.6 s (0.3-s pause ϩ 1 ⁄2 scanning time), rather than 0.8 s.
Throughout the maneuver, Paw was measured continuously between the endotracheal tube and the Y piece with a differential pressure transducer (model MPX 2010 DP, Motorola, Solna, Sweden). The CT scanner triggered pulses via a fiber-optic receiving module (model TORX 173, Toshiba) with each scan, which were recorded along with Paw. After the last CT scan, the ventilatory mode was switched back to volumecontrolled ventilation with 10 cmH 2 O PEEP and maintained for 15 min before the next experiment started.
Experiment 2: Prolonged Expiration to 5 cmH 2 O Paw
The procedure described for experiment 1 was repeated with 5 cmH 2 O CPAP during the prolonged expiration.
Experiment 3: Prolonged Inspiration After 4-5 s of Expiration
An expiratory hold was performed with 0 cmH 2 O PEEP. After 4 s, which is a common expiratory time interval during mechanical ventilation in humans, the first CT scan was obtained (0.5 s of scanning time) corresponding to end expiration. During the 0.3 s between the first and second scan, CPAP was increased to match the previously recorded Paw plat and maintained for 39 s. The sequence of images was identical to that in experiment 1 (see above).
Experiment 4: Prolonged Inspiration After 30 s of Expiration
The inspiratory maneuver (experiment 3) was repeated after 30 s of expiration. The prolonged expiration was applied to allow the lungs to collapse more or less entirely before the inspiration.
Image Analysis
Images were analyzed with the computer software SienetMagic View (version VA30A, Siemens).
All transverse CT scans were analyzed by two different approaches.
1) The entire left and right lungs were chosen as a region of interest (ROI) by drawing the external boundaries of the lungs at the inside of the ribs and the internal boundaries along the mediastinal organs. The total area of both lungs and its mean density, which has been shown to correlate linearly with the gas volume of the lungs (8, 21) , were determined by including pixels with density values between Ϫ1,000 and ϩ100 Hounsfield units (HU). Selecting a wider range, between Ϫ1,000 and ϩ1,000 HU, resulted in an increase in the total area of Ͻ1%. Thereafter, with use of the identical ROI, the area of pixels with HU in the range Ϫ100 to ϩ100 representing atelectasis or lung parenchyma with a maximum of 10% gas (7, 12) and the area of pixels with HU between ϩ100 and Ϫ500 representing poorly aerated tissue (lung parenchyma with a maximum of 50% gas) (7) were measured.
2) To analyze differences in regional aeration, six circular ROIs, averaging 1.8 Ϯ 0.5 cm 2 , were drawn in the uppermost, ventrolateral, ventromedial, dorsolateral, dorsomedial, and lower dorsal parts of the right lung (Fig. 2) . The positions of the ROIs were kept constant for each animal to evaluate approximately the same area in each scan. No adjustments were made for the changes in size and shape of the transverse scans that occurred with changing lung volumes. The mean density of each ROI was determined, including pixels within the range Ϫ1,000 to ϩ100 HU.
Statistics
Values are means Ϯ SD. P Ͻ 0.05 was chosen as the level of significance. If the same parameter was compared within one http://jap.physiology.org/ group of animals (baseline vs. lung injury at 0 cmH 2 O PEEP vs. lung injury at 10 cmH 2 O PEEP), a Friedman ANOVA was applied, then a Wilcoxon signed rank test was carried out if significant differences were detected. For comparison of parameters between the three different study groups (OA vs. lavage vs. endotoxin) a Kruskal-Wallis analysis was used, then a Mann-Whitney U-test was applied in case of significant differences. Regression analyses were performed by the least-squares method. Calculations were made with the software package Statistica on a personal computer.
RESULTS
Baseline Measurements
Ventilatory and hemodynamic parameters were not significantly different (P ϭ NS) among the three study groups during baseline readings. All results are summarized in Tables 1 and 2 .
Lung Injury
Induction of lung injury resulted in significant effects on respiratory mechanics and gas exchange in all three groups, as shown in Tables 1 and 2 . Q s/Q T was similar in the OA and lavage groups but was significantly smaller in the endotoxin group. Gas exchange and mechanics were improved to various extents with 10 cmH 2 O PEEP, with more improvement in the lavage group than in the OA group. Moreover, EVLW increased in the OA and endotoxin groups and decreased in the lavage group. Whether the changes were a PEEP effect per se or whether time also influenced the results has not been analyzed.
CT Scans
The mean density of the transverse scans in OAinduced lung injury was significantly greater (P Ͻ 0.05) at the end of the inspiration-and expiration-hold procedures, respectively, than in lavage-or endotoxininduced lung injury (Table 3) . Various amounts of atelectasis (Ϫ100 to ϩ100 HU) were present preferentially in dependent lung areas in all three models of lung injury (Fig. 3 ).
Experiment 1: Prolonged Expiration to 0 cmH 2 O Paw
The decrease in Paw was 90 Ϯ 5% complete within the first 0.5 s of expiration; i.e., Paw fell from 32.3 Ϯ 5.3 to 3.2 Ϯ 0.2 cmH 2 O at the end of the second CT scan. The changes in mean lung density, poorly aerated tissue, and atelectasis occurred mainly within the first 4 s of a prolonged expiration (Fig. 4) . To compare the rate of these changes, data were fitted to an exponential rise function: y ϭ y 0 (1 Ϫ e Ϫt/ ), where y 0 is the difference in lung density, atelectasis, or poorly aerated tissue between the beginning of expiration and infinity, is the time constant measured in seconds, and t is time (14) (Fig. 5) .
Lung density. The mean density changes averaged 264-337 HU (P ϭ NS for differences among groups) in the three groups (Table 3 ). The averaged 0.85-1.98 s and were significantly longer (P Ͻ 0.05) in the lavage than in the other two groups (Table 4) .
Poorly aerated tissue. Poorly aerated tissue increased by 25-58% of the total lung area (P Ͻ 0.01 for differences among groups; Table 3 ). The averaged between 0.75 s in the OA group and 1.63 s in the lavage group, but differences among the three groups were not significant.
Atelectasis. Atelectasis increased by 58% of the total lung area in OA-induced lung injury but only by ϳ25% in the other two groups (P ϭ 0.01). The , however, did not differ significantly between the OA and the endotoxin group (2.5-4.5 s), but was significantly longer (P Յ 0.05) in the lavage group. In lavage-induced lung injury, varied most among individual animals, with a minimum of 4.3 s and a maximum of 40.5 s. If data were analyzed excluding the animal with of 40.5 s, averaged 16.0 Ϯ 8.1 s, and the difference from the other two groups was still significant (P Ͻ 0.05). Lung density. The mean lung density increased less at 5 than at 0 cmH 2 O PEEP in all three groups (P Ͻ 0.05 for differences between 0 and 5 cmH 2 O PEEP). The was significantly longer with PEEP than without PEEP in the OA group but was unaffected by PEEP in the endotoxin group and decreased significantly in the lavage group (Table 4) .
Poorly aerated tissue. The amount of poorly aerated tissue increased less with 5 than with 0 cmH 2 O PEEP, but this was only significant (P Ͻ 0.05) in the lavage and endotoxin group. The with and without PEEP were similar in lavage-and endotoxin-induced lung injury but increased significantly with 5 cmH 2 O PEEP in the OA group.
Atelectasis. PEEP reduced atelectasis formation significantly compared with no PEEP in all groups, with the greatest reduction in lavage-induced lung injury. The increased in the OA group (P Ͻ 0.05) but was not significantly altered in the other two groups. In lavageinduced lung injury, was significantly longer than in the endotoxin group (P Ͻ 0.05), whereas the difference from OA-induced lung injury reached only borderline significance (P ϭ 0.055).
Experiment 3: Prolonged Inspiration After 4-5 s of Expiration
Paw averaged 30 Ϯ 4 cmH 2 O at the end of the second CT scan; thus the Paw increase was Ͼ90% complete within 0.5 s. Atelectasis, poorly aerated tissue, and lung density decreased most within the first 4 s of inspiration (Fig. 6 ), but compared with experiment 1 the changes in lung density and atelectasis were smaller in all three groups ( Table 3 ). The amount of poorly aerated tissue changed to a similar degree in experiments 1 and 3.
To compare the rate of these changes, data were fitted to exponential decay curves as y ϭ y 0 e Ϫt/ , and values were compared (Fig. 7) .
The was generally shorter during prolonged inspiration than during expiration in lavage-and endotoxininduced lung injury (Table 4) . However, in OA-induced lung injury, the mean density and poorly aerated tissue changed more slowly during inspiration than during expiration (P Ͻ 0.05).
Experiment 4: Prolonged Inspiration After 30 s of Expiration
Only five animals with OA-induced lung injury are included in the analysis of this experiment, because one animal died after the inspiratory hold of experiment 3.
After the 30-s expiration, the changes in lung density and atelectasis were significantly larger (P Ͻ 0.05) during inspiration in all three groups than during the 5-s expiration of experiment 3 ( Table 3) . The values increased after the prolonged expiration in OA-induced lung injury but were unchanged in the other two lung injury models (Table 4) .
Regional aeration. At the end of a prolonged expiration, the mean density of the ROIs was linearly correlated to their vertical position [mean density ϭ 66.46 ϫ cm(Ϫ687), where cm denotes the distance to the top of the lung; r ϭ 0.99, P Ͻ 0.001 for 0 cmH 2 O PEEP]. At 5 cmH 2 O PEEP, there was a parallel shift of the regression line, indicating an equal increase in aeration at all vertical levels with significant decreases in lung density in five of the six ROIs [mean density ϭ 65.78 ϫ cm(Ϫ747); r ϭ 0.99, P Ͻ 0.001 for 5 cmH 2 O PEEP]. At the end of a prolonged inspiration, the relationship between vertical position and lung density of an ROI was best described by a quadratic regression curve (r ϭ 0.96, P ϭ 0.004 for experiment 3) with insignificant differences between experiments 3 and 4. In horizontal The smallest lung density changes (average 60-109 HU for the 3 groups combined, P Ͻ 0.01 compared with all other ROIs) occurred in the uppermost ROI (ROI 1 in Fig. 2 ). In 7 of the 18 animals, lung density even decreased slightly in ROI 1 during the first 4 s of expiration with 0 cmH 2 O PEEP and in 5 animals during expiration with 5 cmH 2 O PEEP, rather than increased, as might have been expected. In the ventrolateral and ventromedial ROIs, density changes averaged 170-296 HU, which was significantly less than in the dorsolateral and dorsomedial ROIs (325-450 HU). There were no significant differences between the density changes of the lateral and medial ROIs. In the lower dorsal ROI the density differences between end expiration and end inspiration averaged 275-373 HU. Thus ventilation was largest in the dorsal parts of the lung. Among the three study groups, significant differences in the density changes occurred only in the uppermost ROI.
Radiological findings and Q s/Q T. In the groups of OA-and lavage-induced lung injury, Q s/Q T was linearly correlated with the percent area of atelectasis at end inspiration (r ϭ 0.87, P ϭ 0.024 and r ϭ 0.82, P ϭ 0.048, respectively). In the endotoxin group, no such correlation was found. There was no significant correlation between Q s/Q T and CT findings at end expiration.
DISCUSSION
Lung collapse and reopening occurred within the first seconds of an expiratory-and inspiratory-hold procedure in OA-, lavage-, and endotoxin-induced lung injury in pigs. The amount of lung collapse and reopening, however, varied considerably among the three different types of lung injury used in the present study. OA caused significantly more atelectasis than the other two lung injury models, and the rate of collapse was similar and higher in OA-and endotoxin-induced lung injury than in lavage-induced lung injury. Thus, in the present study, OA injection produced the most unstable lung. The degree of lung damage, however, might vary with the administered dose of OA or endotoxin and the number of lavages performed. Therefore, we used the three models as frequently described in the literature but increased the amount of endotoxin to cause macroatelectasis. Saline recovered from the lungs at the end of the repeated lavages was nearly clear. This indicated that surfactant was almost completely removed by our lavage procedure, so that no further lung damage was expected from additional lung lavages.
Methodological Aspects
CT scans were obtained at a constant scanning level relative to the spine. However, the position of the diaphragm changes with respiration. Thus the lung parenchyma scanned during the course of a prolonged breath was not exactly the same. An uneven craniocaudal distribution of the lung damage could therefore influence our results. The lung density of transverse scans located immediately above the diaphragm and 1.6 cm more cranially differed by 19.6 Ϯ 11.4 HU at end expiration and 27.8 Ϯ 18.5 HU at end inspiration, and no significant correlation was found between the level of CT cuts through the lung and mean lung density at end expiration or end inspiration. Therefore, a systematic influence on our results by scanning different lung tissue during prolonged breathing seems unlikely.
At end expiration the lung area in the transverse scans was 16.7 Ϯ 5.4 cm 2 (10.5 Ϯ 3.3% of lung area at end inspiration) smaller than at end inspiration, as determined in experiment 1. Thus, even without a change in the amount of collapsed lung tissue, we would have determined an ϳ10% change in atelectasis and poorly aerated tissue in our experiments as a consequence of the varying lung area. This effect, however, is small, considering an increase in atelectasis between 214 and 841% and an increase in poorly aerated tissue between 40 and 290% in experiment 1. Mean density, HU OA Ϫ452 Ϯ 32 Table 1 legend for definition of abbreviations and explanation of symbols.
For evaluation of separate lung regions, the positions of the ROIs were kept constant for each animal. However, when the shape of the lungs changed during inspiration and expiration, fixed ROI positions mean that the same lung tissue was not scanned. The ROIs moved slightly (usually Ͻ0.5 cm) in a ventrolateral direction within the thorax during expiration, and attenuation numbers increased with the distance from the ventral lung border (average 66.5 HU/cm). This might have caused an underestimation of the measured density changes and may have contributed to the paradoxical decrease of lung density in the uppermost ROI during the beginning of expiration in some animals. CT scans of chest were obtained after 4 s of inspiratory hold (right) and 4 s of expiratory hold (left) with unchanged scanning position. Transverse cuts were always obtained between top of diaphragm and base of heart. However, a small portion of heart and anterior mediastinum was usually seen behind sternum, whereas aorta and inferior vena cava were located posterior in front of spine. From top to bottom: oleic acid-, lavage-, and endotoxin-induced lung injury.
Intrathoracic blood volume decreases with an increase in mean Paw (13) . It is therefore likely that changes in the filling of pulmonary blood vessels during inspiration and expiration maneuvers have influenced the density changes of the lung. This may not have affected the three study groups to the same extent, since the proportion of alveolar pressure transmitted to the pulmonary vessels is affected by the compliance of the respiratory system. The highest compliance was found in lavage-induced lung injury. Consequently, the velocity of recruitment and atelectasis formation might have been overestimated in this group relative to the other two lung injury models.
Ventilation with fraction of inspired O 2 of 1.0, which was necessary to avoid severe hypoxia during ventilation without PEEP and during breath holding, has been shown to facilitate atelectasis formation (16) and may have influenced the relationship of inspiratory to expiratory time constants.
These methodological aspects must be kept in mind when the results of the present study are interpreted.
Implications
Lung density increased nearly linearly with the vertical distance from the ventral lung border at end expiration and increased curvilinearly with vertical distance at end inspiration. This finding might be explained by different inflation mechanisms and degrees of recruitment (4): in the uppermost ROI, inspiration caused mainly distension of already air-filled alveoli. In the lower dorsal ROI, decreasing lung density indicated predominantly recruitment, and in the middle parts of the lung (ROIs 2-5 in Fig. 2 ), density decreased probably because of alveolar distension and recruitment.
The mean lung density changes decreased significantly when 5 cmH 2 O PEEP was applied (Table 4) but differed only insignificantly among the three lung injury models. Inasmuch as gas volume correlates linearly with lung density (8, 21) , values calculated for the density changes should be related to the lung values calculated as compliance ϫ resistance. However, no significant correlation was obtained between these parameters. This emphasizes that a changing lung http://jap.physiology.org/ density does not reflect exclusively a changing aeration but also, for example, different filling of pulmonary blood vessels. The values for mean density changes were significantly shorter during inspiration than during expiration (experiments 1 and 3) in the lavage and endotoxin groups. Thus lung opening occurred faster than lung collapse in these groups. This difference was more pronounced in the lavage group, which also had the most favorable response to PEEP in terms of gas exchange, respiratory mechanics (Table 2) , and lung density (Table 3 ). In OA-induced lung injury, in contrast, lung density increased significantly faster during expiration than it decreased during inspiration (Table  4) . This may suggest a progressive collapse of the lung breath by breath, if the same time intervals are used for inspiration and expiration.
At the beginning of an expiration a short delay occurred (Fig. 4) before atelectasis started to increase rapidly. This was most obvious in lavage-induced lung injury. During the first 4 s in OA-and endotoxininduced lung injury, 60-70% of the total increase in atelectasis took place, but only ϳ30% occurred in the lavage model. Repeated lavages lead to surfactant depletion without morphological changes in alveolar or perivascular cells (13) , whereas OA (17) and endotoxin (1-3) damage pulmonary endothelial cells, leading to a proteinaceous edema. Thus lung collapse may only in part be attributed to depletion or inactivation of surfactant. In addition, OA injection causes alveolar epithelial cell necrosis with intra-alveolar edema (17) , which explains why more atelectasis occurred in this lung injury model than in endotoxin-induced lung injury. Loss of the alveolar epithelial barrier might have caused rapid replacement of air with fluid, which cannot be distinguished from alveolar collapse in CT scans.
The finding that 5 cmH 2 O PEEP decreased, rather than increased, for atelectasis formation in lavageand endotoxin-induced lung injury was unexpected, since 5 cmH 2 O PEEP reduced the amount of atelectasis significantly in all three groups. However, 5 cmH 2 O PEEP might have preferentially stabilized lung areas that were only moderately unstable and collapsed slowly. If those lung areas were more common in lavage-and endotoxin-induced lung injury than in the OA group, the different effect of PEEP on in the three study groups would be explained.
Within 4 s of expiration, 80-90% of the conversion from normally aerated to poorly aerated lung tissue occurred and vice versa during the first 4 s of inspiration (Figs. 4 and 6 ). Thus lung parenchyma, which remains expanded during expiration or partially collapsed during inspiration within this time period, is unlikely to change between these two states, even during a longer breath-holding procedure. However, during expiration, lung density and atelectasis, which are included in our definition of poorly aerated tissue, increased further after the amount of poorly aerated tissue was stable. This shows that poorly aerated tissue changed toward a more collapsed state throughout prolonged expiration.
Conclusion
Lung collapse and reopening occurred rapidly within the first seconds during breath-holding procedures in pigs with OA-, lavage-and endotoxin-induced lung injury. To completely avoid cyclic alveolar collapse during mechanical ventilation without extrinsic PEEP would therefore require short expiration times of Ͻ0.6 s in this experimental setting. Such a ventilatory pattern, however, would certainly lead to a high intrinsic PEEP and a high mean Paw. Thus it is questionable whether it offers any advantage over a ventilatory pattern that stabilizes the lung with extrinsic PEEP.
OA-injured lungs collapsed to a greater extent and significantly faster than did lungs damaged by endotoxin infusion or bronchoalveolar lavage. This might be of importance in studies comparing different ventilatory strategies for the treatment of acute respiratory failure.
